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TRANSIENT FIELDS PRODUCED IN HETEROGENEOUS BODIES

BY ELECTROMAGNETIC PULSES

STATEMENT OF THE PROBLEM

This effort examines the question of electromagnetic field structure

induced in heterogeneous bodies by pulse electromagnetic radiation. Of spe-

cial interest is the case of a sinusoidally varying incident field of finite

duration.

To determine the structure of induced electromagnetic fields, the problem

was modeled mathematically. The assumptions made and the resulting model are

given below. As the model is described, the nature of the media and incident

fields to be considered will be made clear.

The medium considered in this work is one dimensional and of finite depth

L. Thus, it is assumed to vary spatially only in the z direction, extending

from z=O to z=L. The permittivity, c(z), and conductivity, a(z), of the

medium are piecewise continuous functions as pictured, for example, in Fig-

ure 1. By allowing e and a to be piecewise continuous, a layered medium can

be considered. Free space is assumed to exist outside of the medium, so

(z)=E 0 and a(z)=O for z<O and z>L. Finally, the medium is assumed to be non-

dispersive in that the permittivity and conductivity are independent of the

induced field.

An electromagnetic wave propagating along the z-axis normal to the medium

has transverse electric field, E(z,t), satisfying

E zze(Z)u0Ett-a(z)p0Et=O, -o<z<-, --<t<- (1)

which follows from Maxwell's equations. Here, t denotes time, p 0 is the con-

stant magnetic permeability, and subscripts denote partial derivatives. The
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Figure 1. Example of permittivity and conductivity profiles

for a one-dimensional, three-layer medium.

i
incident electromagnetic pulse, E , is assumed to propagate from left to right

and first impinges on the medium at time t=O. Thus, the initial condition for

equation (1) is

E(z,t)=E1 (z-ct) for t<O (2)

where Ei (z-ct)=O for z-ct>O and c is the speed of light in free space. Fig-

ures 2 and 3 show what some typical incident pulses may look like.
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Figure 2. A sinusoidal incident pulse of finite duration.

Z\cA/m

Figure 3. A spike incident field.
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The problem considered, then, is that of determining the solution E(z,t)

of the system of equations (1) and (2) for O<z<L, t>O for any given Ei(z-ct),
o~) (z).

SOLUTION TECHNIQUE

The problem modeled above has been solved ntunerically by the HATS compu-

ter progran (High Accuracy Temporal Solution). A detailed description of the

mathematical foundations of the numerical methods used in the program can be

found in reference 8, and preliminary results are given in references 4-7. A

brief summary of reference 8 is given in Appendix A. A description of the use

and capabilities of this proqram is given in Appendix B, which is a self-

contained user's manual for HATS.

Note that the numerical solution is based on exact analytical represen-

tations of the fields involved, with no recourse to low frequency approxima-

tions. The technique used has been found to be highly stable.

SAMPLE PROBLEM

As an example of the results that can be obtained via the HATS program,

consider the three-layer medium shown in Figure 4, where it is first assumed

that a(z)-O. A 1000-MHz incident field of 20-ns duration impinges on the

medium from the left at time t=O. Thus, at some time t<O the incident field

looks like that shown in Figure 5.

The resulting field inside the medium was generated by the HATS proqram

for the time interval t=O to t=25 ns. Figures 6, 7, and 8 show the internal

fields as a function of time at three specific locations (z=.714 cm, z=1.067

cm, z=2.100 cm) in the medium. The locations z=.714 cm and z=2.1flfl cm (Fiqs.

6 and 8) were chosen because they represent in some sense the "worst case"

behavior, in that the transients at these points had the qreatest amplitude

relative to steady state amplitude of any points in the medium. Figure 7

(z=1.067 cm) represents the "best case" behavior in that the ratio of tran-

sient amplitude to steady amplitude was the smallest. At all points in the

medium, transient amplitude was greater than steady state amplitude.

8
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Figure 4. Permittivity profile for the sample problem.
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j Figure 5. Incident field for the sample problem. (2a-ns pulse, 1000 MHz)
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Now consider a medium with permittivity profile given in Figure 5 and

conductivity profile given in Figure 9. The fields at z=.714 cm, z=1.067 cm,

z=2.100 cm (Figs. 10-12) fairly accurately give worst and best behavior.

Again, transient amplitude was everywhere greater than steady amplitude,

although the effect of nonzero conductivity reduces the ratio of transient to

steady amplitude.

0.1
II

Figure 9. Conductivity profile for the sample problem.

Additional information regarding these plots (how the specific values of

z were chosen, views of the entire field in the medium at particular times,
etc.) and a detailed discussion of how they were obtained are given in Appen-

dix B. The problem studied in this section is only a sample problem; any per-

mittivity and conductivity profiles and incident field can be input into the

HATS program, modulo the restrictions called out in Appendix B.

13
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CONCLUSIONS

Use of the HATS computer program has shown that relatively large ampli-

tude transients can occur in a medium when a transient signal, such as that

from a phased array system, impinges on the medium. Although the model used

to determine this is a fairly simple one, the pattern shown here should extend

to more realistic situations. Nonetheless, further work is needed to defi-

nitely establish the presence and magnitude of these transients for other

geometries and for the important case of a frequency dependent medium, such as

human tissue.
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APPENDIX A. OUTLINE OF SOLUTION TECHNIQUE

The problem considered in this work is modeled by

E ez- p(z- 0 tt-o (z ) 'O E t= O , --<z<-, --<t<-. (A.1I)

It is assumed that E(z) and o(z) are given and that £(z)=€O, o(z)=O for z(O

and z>L. Finally, the solution of equation (A.1) is given by

E(z,t)=E i(z-ct) f., '.<0 (A.2)

where E i(z-ct)=O for 2.,zt>O. The solution of the initial value problem

(A.1, A.2) must be found for O<z<L and t>O.

To facilitate the numerical solution of equation (A.1), the transforma-

tions

x=x(z)=(f { (s)o } ds)/x (A.3)

T=t/£t (A.4)

u(x,T)=E(z,t) (A.5)

are used to convert equation (A.1) to

U xx-u T+A(x)u x+B(x)u T=O, - <x<-, --<T<- (A.6)

19



where

B(x)=-(z)/eo(z)

and I is such that x(L)=l. In terms of this transformed problem, the solution

u(x,T) of equation (A.6) must be found for O<x<l, T>O given that

ID

u(x,T)=u (x-T) for T<O (A.7)

where ui (r)=E i(cT).

The advantage of the change of variables (A.3)-(A.5) is that the charac-

teristics of equation (A.6) are straight lines. On the other hand, while the

solution E of equation (A.1) has continuous first derivatives, the solution u

of equation (A.6) has discontinuities in its x derivative. To see this,

assume that e(z) is discontinuous at the points z=zi, i=0, 1, ... , NL where

O=z 0 <z<z 2 < .. .<ZNL=L. Let xi=x(zi) for i=0, 1, ... , NL. Then the change of

variable (A.3) implies that

C i Ux (Xi+ , ')=Ux (Xi-, -1) (A.8)

for i=O, 1, ..., NL where

ci={e(zi+) C(z-)}.

One technique for solving the problem (A.6)-(A.8) is by using finite dif-

ferences [1]. However, in using an explicit differencing scheme on this prob-

lem, roundoff error accumulated quickly and prevented accurate solutions for

incident pulses of realistic duration. An alternate approach is to use the

time-domain integral equation technique of Bolomey et al. [3] with suitable

modifications to take into account the finite depth of the medium. However,

20



this technique proved to be susceptible to numerical dispersion in that trun-

cation error propagates through the solution at nonphysical speeds, causinq

spreading of the fields. Again, for pulses of realistic duration, this cre-

ates hiqhly unreliable solutions.

The above two solution techniques are based on the familiar space-time

diagram shown in Figure A-i, which displays the fact that the solution u at

the point (x,T) depends on the solution in a certain interval (the domain of

dependence) on the x-axis determined by the characteristic lines emanating

from (X,T). Note, however, that an equally valid solution technique is

afforded through the space-time diagram of Figure A-2. To understand the data

required for the formulation of the problem suggested by Figure A-2, note that

the incident electromagnetic field Ei (z-ct) gives rise to a transmitted field

Et(z-ct) for z>L. In the transformed problem (A.6)-(A.8), the incident plane

wave u i(T)=Ei(cT) produces a transmitted plane wave u t(x-T) where u t(T)

=E t(L-cx+cxT) and u i(T)=ut (t)=O for T>O. Since U(I,T)-u t(I-), it follows

that the data required for the formulation of the problem shown in Figure A-2

is ut (T) for T(. The advantage of this formulation over that suqgested by

Figure A-i is that exact analytical expressions exist for the solution u(x,T)

in terms of the data ut and these expressions give rise to hiqhly accurate

numerical schemes.

Pursuinq the approach suggested by Figure A-2, it is first necessary to

determine the transmitted field ut corresponding to a given incident field u

In reference 5 these fields are shown to be related by the equation

2 NL
u i() = I w.U t(T+r-)+f 0w(T's)u t(s) ds, T<O. (A.9)

j=1 J J

The constants wj and rj are known and are determined by the properties of the

medium (formulas are given in reference 5). The kernel function, W, also

depends only on the properties of the medium and is independent of the fields
ui ,ut.

21



Figure A.1. Space-time diagram showing domain of dependence along line T=O.

Figure A.2. Space-time diagram showing domain of dependence along line x=1.
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Assuming for the moment that W is known, equation (A.9) is a delay

Volterra integral equation for ut. Thus, it is equivalent to a Volterra inte-

gral equation of the second kind (as shown in reference 6), so stable numeri-

cal techniques for solvlnq equation (A.9) for ut are available (see refer-

ence 2). Consequently, the data required for the formulation in Figure A-2

can be considered known.

Reference 8 shows that for any x in the interval IXNL-1, 13 and for any

T, the solution u(x,T) of equation (A.6) is qiven by

2u(x,T)=exp{I/2f'(A(s)-B(s))dsi{(cNL+l)ut(x-T)
x

-( (CL1u t (2-x-T)exp{f1B(s)dsj

2-x t (.
+f 2-u (y-T)N(x,y,1,)dy}. (A.10)
x

Here, N(x,y,]) is the solution of the characteristic initial value problem

N -N yy+B(x)(Nx+Ny)+D+(x)N=O, XNL-I.<XNL=1 (A.11)xx yy - --

2N(x,x,I)=C NLB8(1)-A(1)-(C NL +I)f x+(s)ds, (A.12)

2N(x,2-x,I)=(cNLB(1)-A(1)+(cNL- I)f1 D_(s)ds) exp{J'B(s)ds} (A.13)

X x

where

A(1)=A(I-), B(1)=B(I-)

and

D=1/4(B2-A2 )+l/2(-A'±B').

23



The problem (A.11)-(A.13) can be easily solved numerically by the method

of characteristics [1]. Thus, u(x,T) can be determined from equation (A.10)

for any x in [xNLI, 1] by means of a simple quadrature. To determine

u(x,T) for x in [XNL_2, XNLI 1, reference 8 shows that a system of formulas

analogous to equations (A.10)-(A.13) utilizes the data U(XNL-l, T). Continuing

in this manner, quadrature formulas can be used to determine U(x,T) for any x

in the interval [0,1]. In the program HATS, the trapezoidal rule is used to

perform these quadratures.

The remaining point to he considered is determination of the kernel func-

tion, W, which appears in equation (A.9). If the transmitted field is a Dirac

delta function,

ut (T)-6(T) (A.14)

then, according to equation (A.9), the "incident field" that would qenerate

such a transmitted field is the kernel W, modulo delta function sinqulari-

ties. But if the transmitted field is assumed to be given by equation (A.14),

then the technique outlined above enables one to determine the correspondinq

field u(O,T) for all T. From this it is possible to separate out the incident

field that generates (A.14) and hence obtain W. Aqain, details are qiven in

reference 8.

24



APPENDIX B. USE OF THE HATS PROGRAM

Page

1. Introduction .................................................. . 26

II. Inputting c and a ................................................ 29

III. Inputting the Incident Wave .................................... 32

IV. Other Input Data ................................................. 33
V. Output ........................................................... 37

VI. Precautions, Tricks, and General Observations .................... 39

Extending the Maximum Time .................................... 40

Increasing the Number of Intervals Allowed .................... 41

Decreasing the Step Size ..................................... 41

Numerical Solution of Equation (B.1) .......................... 42

V11. Source Listing of HATS ........................................... 44

VIII. Setting Up Some Programs ................. ............. 59

IX. Source Listing of INCWAV for Field of Finite Duration ..... 64

X. Source Listing of a Plotting Routine ............................. 64

XI. Searching for Maximum Intensity ............................ 66

XII. Plots from Sample Programs ....................................... 68

25

PEW



I. INTRODUCTION

The following general description is meant to be a user's guide to the

program HATS (High Accuracy Temporal Solution) and does not dwell on mathe-

matical details other than what is needed to properly use the program.

Briefly stated, this program allows a user to cause an incident plane

electromagnetic wave to impinge normally on a medium of finite depth and to

determine the resultinq scattered and internal fields. The medium is assumed

to he one-dimensional (i.e., stratified in the z direction) and "linear" in

that its permittivity, E(z), and conductivity, 0(z), are independent of fre-

quency. Free space is assumed to exist on either side of the medium. The

functions e(z) and a(z) are to be piecewise continuously differentiable and,

hence, may have jump discontinuities. If a layer is defined to be an interval

in the medium on which e and a are continuously differentiable, then the pro-

gram HATS is capable of handling a five-layer medium. A two-layer medium is

pictured in Figure B-i.

The incident field can be of any form the user desires with the following

two provisions:

1. The incident field must be a continuous function.

2. The incident field does not contact the medium with time t=O.

Thus, transient as well as steady state fields can be determined by

this program.

See Figure B-2 for a picture of some typical incident fields.

Details regarding proper input into the program and form of the output

will be given in the following sections.

26



Figure B-1. Permiittivity and conductivity profiles for a two-layer medium.
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light in free space.
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I. INPUTTING c AND o

The oroqram presumes that a Liouville transform has been made on the

spatial variable z and that a normalization has been performed on the time

variable t. Therefore, a certain amount of massaqing must be done before data

and functions are put into the program, and some interpretation of the program

results is necessary. All data are initially expressed in rationalized WKS

units.

Consider a medium of NL layers, where 1<NL<5. Layer i extends from

z=z i- to z=z i, where z0=O and z NL=L. Assume that the permittivity and con-

ductivity are given on layer i by the functions ci(z) and of(z), zi1 <z<zi,

and let

c(z)=ci(z) for zix<z<zi, i=I, '.., NL.

The Liouville transform

x=x(z)=(IZ{e(s)ho} kds)/, (R.1)

where

,=f L{ (s)Vo } Ids

and the normalization

T=t/X

is used to produce a problem in (x,r) coordinates in which the velocity of

propagation is unity.

In the (x,T) coordinate system the scattering medium extends from x=0 to

x=1 and is again divided into NL layers. Properties of each of these layers

(In terms of the x variable) are put into the program as function statements
29
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appearing in subroutine EVAL. For each layer, four functions must be speci-
f ied. For layer I (1(I<NL) these functions are

AI~~x)(z-u d eM, i z <z<z
dz 1 0 1- 1

AIP(x)= dL AI(x)
dx

BI(x)=-xa1 (z)/c1 (z), z11(z<z,

B[P(x)= d-BI(x).
dx

These functions are to be entered in the appropriate lines in subroutine
EVAL. If NI is less than five, the statement functions which appear in EVAL
for layers NL+1, .-. , 5 are not used. These unused statements may be left in
the program.

As an example of how to determine these input functions, let NL=2, z0 =0,
zI=.01 m, z 2= .03 m, and

C 1(z)=e I £

a ()= Imhofm

a 2 (z)=52 mho/m

where el, e2 ' SO, S2 are constants and tois the permittivity of free space,

C =8.854.10 12coul 2/rnm2

Then

X .01 fe .0 s+f03 leC 4AId0i ec1 i +f 01{e2 0 0Id

-(0.01/I~ + 0.W2V)c
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where c is the speed of light in free space. It follows that for 0<z<0.01 m,

and for 0.01<z<0l.03,

A1x(x)=OO +Z00)e-It)

A1P(x)=0

BI(x)=-Is /(elc0)

A2(x)=0

A2P(x)=0

B2(x)=-Ls 2/(e 2e0)

B2P(X)=0.

As another example, consider a one-layer mediumi of depth 1 m (i.e., z,=0,

z1=) with

c(z)=9(z+2 )2 09 O<z<1

O(Z)=(10_(Z+1)2).103 Mho/M, 0<z<1.

Then

Co0

x-x(z)-(z 2+4z)/5
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and

z=z(x)=-2w'"Tx.

It follows that

Al(x)=2.5/(z+2) 2=2.5/(4+5x)

AlP(x)=-12.5/(4+5x)
2

B(x)=-10-3 (5+5x-2VTi3" /(6cc{ 4+5x})

BP(x)=-5 10 (4+5x-v"4+5x /(6c O { 4+5xj 5 
.

For more general permittivity profiles, it may be necessary to solve

equation (8.1) numerically for x as a function of z usinq, say, Newton's
method. More will be said about this in Section VI.

Ill. INPUTTING THE INCIDENT WAVE

The "time" variable T used in HATS has been normalized by settlnq

T=t/1

and hence, T is a dimensionless quantity. Thus, if the incident field is

Ei(-t), t>O, then the corresponding incident field UINC to be used in the pro-

qram is

UINC(-T)=E (-TI), T>O

or

i
UINC(T)-E (TI), I<).

32



For example, consider an incident sinusoidal wave train of frequency f. Then

Ei (-t)=sin(21rft), tO.

It is assumed that Ei(-t)=O for t(O.) The incident field to be used in the

program is

UINC(T)=sin(-2f9.r), T<O.

This function is to be inserted into the subroutine INCWAV. Depending on the

complexity of the incident field, a single function statement may not suffice

to define the incident wave. This calls for an obvious modification of the

subroutine. See the source listing in Section IX for an example of such a
modification. In that example, a wave train of frequency f and of finite

duration is generated.

IV. OTHER INPUT DATA

In addition to the function statements that must be written into the pro-

gram, certain constants are to be read in as data.

Line 1: N, NL, IFRQ, ITM, ISCAT, IOPT

Format: (615)

N: number of subintervals to be used in the x interval [0,1]. Since

HATS solves partial differential equations and inteqral equations
numerically, the x interval [0,1] is split into N equal subinter-

vals to establish a mesh of grid points. Thus, H=I/N is the step

size used in most of the calculations. To reduce the effects of

roundoff error, it is suggested (but not necessary) that N he a

power of 2, say N=16, 32, 64, or 128. N must be an even Integer

not exceeding 128. Generally, the larger N is, the more accurate

the program results, but this is at the expense of increased com-

putati on.

33



NL: number of layers in the medium. NL must be at least I and no greater

than 5.

IFRQ: frequency of observation of the internal field. In addition to using

a "spatial" (x) step size of H, HATS also uses a "temporal" (T)

step size of H. The internal field will be output at T intervals

of

AT=2H, IFRQ;

i.e., at time intervals of

AT=2H. IFRQ-1.

ITM: maximum "time" to be considered. ITM is the maximum number of T

intervals of length 2H to be used in the program; i.e., the

maximum time t considered will be

t=2H. ITM.t.

ITM must not exceed 2000 and should be an integral multiple of

IFRO.

ISCAT: output option. If ISCAT=1, the incident, reflected, and transmitted

fields (i.e., field transmitted out the right-hand edge of the

medium) will be printed out for r=0, 2H, 4H, ,-,, 2H.ITM. If

ISCAT=O, this printout is omitted.

IOPT: output option. If IOPT-0, the field within the medium will be

printed out at the (1+N/2) grid points, x-O, 2H, 4H, ..., 1 for

values of r given by

T=2H.IFRQ, 4H'IFRQ, 6HIFRQ, ---, 2H.ITM.

If JOPT=I, the field will be printed out for selected qrid points

(to be supplied later) at the above-mentioned T values.
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Line 2: X(I), X(2), ..., X(6)

Format: (615)

Assuminq that layer i extends from z=zi_1 to z~zi , the Liouville

transform (B.1) implies that in the x variable this layer extends

from xi_ 1 to xi , where

Xi=(f 0 (€(S)1o}ds)/X, i=O, 1, *.., NL.

The quantities X(i) are defined by

X(i)=x /H.

i-1

Notice that X(1)=O and X(NL+I)=N. The X(i)'s are to be even

integers satisfying

X(i)-X(i-1)<32, i=2,3, .-- , NL+1.

If the medium has fewer than five layers, the values assigned to

X(NL+2), .-. , X(6) are immaterial.

Line 3: C(1), C(2), ... , C(6)

Format: (6E12.5)

If the permittivity in layer i is given by cl(z), then

C(i)=j€ i ( z i + ) / Ci -j ( z i - ) 1 (B.2)

where, as usual, the zi 's denote the boundaries of the layers.

For i=1, (8.2) is replaced by

35
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C(1)-( { (o+)/o 

and for i=NL+I,

C(NL+1)={O/ENL (L-)}

Again, if there are fewer than five layers, the values assiqned to

C(NL+2), ... , C(6) are immaterial.

The followinq data must also be supplied if IOPT=1.

Line 4: NOBPTS

Format: (15)

If it is desired to determine the internal field only at selected

spatial grid points, then NOBPTS is the number of points in the x

interval [0,1] at which the field should be determined.

Line 5: IX

Format: (15)

IX is an integer specifying the position of the first grid point

at which the field should be determined. It is defined by

IX-x/H

where x is the point where the solution is desired. IX must be an

even integer, OSIXIN.

Line 6: IX

Format: (15)

This specifies the position of the second point of observation.
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This same input is continued until all NORPTS positions have been speci-

f ied.

V. OUTPUT

HATS automatically prints out the input data from lines 1, 2, and 3.

If ISCAT=1, the incident, reflected, and transmitted fields are printed

next. The incident field is printed first in (]X,8EI.3) format for as many

lines as is necessary to print the entire field. The array being printed out

is

UI(J), J=1, 2, ... , ITM+1

where

t1I(J)=UJINC(-2(J-1)H)

=E i (-2(J-I)HI)

The reflected field is printed next, using the same format. The array

being printed here is

UR(J)=E r(2(J-I)HI), J=l, 2, -., ITM+I.

Finally the transmitted field is printed where

UT(J)=E t (-2(J-1)Hx), J=1, 2, ..,, ITM+1.

The remaining output depends on the value of IOPT. If IOPT=O, the next

line of output is an integer IT (in 110 format) followed by an array of

(1+N/2) numbers in (lX,SE1O.3) format. The array being printed out is

U(J)=u(2(J-1)H, 2-IT.H).

37
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In other words, the field throughout the width of the medium is being printed

for time T=2.IT.H. To relate this to the physical field E, note that

E(z,t)=u(x,T)

where, if xi l _< x i .

x y
Z=Z +(£xf exp{- y  A(s)dsjdy)/(i(zi_+) 0 )i-i x xi-1

t=TL

and

A(s)=A i(s) for xi 1_<s<_x i .

This printout is continued for all values of IT given by

IT=IFTQ, 2.IFRQ, ,.., ITM.

On the other hand, if IOPT=I, then the next line of output is an inteqer

IX (in 110 format) followed by an array of 1+(ITM-(IX/2))/IFRQ numbers in

(IX,8310.3) format. The array being printed is

(J)=u(IX.H, 2(IFRQ-(J-I)+IX/2)H).

In other words, the field at position x=IX.H is being printed at T inter-

vals of 2H'IFRQ starting from T=IX-H. This printout is continued for all

NOBPTS values of IX specified by the user in the input data.

Finally, the message FINISHED is printed to indicate that the proqram has

finished execution in a normal fashion.

In general, deducing any reasonable conclusion by lookinq at the printed

output will be a formidable task. The user will probably find it much more
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meaningful to plot the data, using, for example, a CALCOMP plotting routine.

For this, a two-step process is suggested.

1. Run HATS, havinq the output transferred to a disk file.

2. Run the plottinq routine, readinq data from the disk file.

To facilitate step 1, all data is output from HATS via the subroutine

PRNT. The comment statements in the subroutine are self-explanatory, indicat-

ing which blocks of code are used to output the various data. In addition,

the commented write statements can be used to send a streamlined form of the

output to a disk file. The user should note the format used so that the data

is later read properly from the disk file. Also note that output device 8

needs to be defined via JCL.

An example of a plotting routine has been listed in Section X. The

actual calls made to the graphing subroutines will have to be replaced with

calls utilizing software at USAFSAM.

VI. PRECAUTIONS, TRICKS, AND GENERAL OBSERVATIONS

As with all numerical solutions, HATS is not infallible. Continuous hut

wildly varying conductivity and permittivity profiles within a layer will gen-

erally cause inaccurate solutions to he calculated. Also, if the conductivity

is excessively large, the numerical solution of the partial differential equa-

tions will aqain prove unreliable. In this case internal and scattered fields

will generally start to grow with time, so it will quickly become apparent to

the user that the results are in error.

One method for trying to handle large conductivities or wildly varying

conductivities and/or permittivities is to decrease step size H (i.e.,

increase N). Since this will generally cause the restriction

X(i )-X(i-)<32

to be violated, the following example shows how HATS can be "tricked."
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Consider a two-layer medium and suppose N=32, with X(1)=O, X(2)=12,

X(3)=32. If a smaller step size is needed and N should he 64, this will place

the boundaries of the layers at X(1)=O, X(2)=24, X(3)=64; consequently

X(3)-X(2)=40>32.

To circumvent this problem, define the medium to consist of three layers

instead of two, with boundaries, for example, at X(1)=n, X(2)=24, X(3)=44,

X(4)=64. The function statements for A3(x), A3P(x), 83(x), R3P(x) will be

exactly the same as those for layer 2. Further, C(1) and C(2) will be as in

the N=32 case, and C(4) will have the value that C(3) has in the N=32 case.

Finally, to indicate that there is indeed no discontinuity at X(3), set

C(3)=1.0.

If N needs to be increased beyond 128, consult the last portion of this

Section.

If a large step size (small N) is used, then detail in the solution is

lost and some accuracy in the solution values calculated will generally be

lost. On the other hand, fewer calculations will be performed within the pro-

gram and the solution can be monitored over a longer period of time since the

maximum value of T is ITM.2H.

Extending the Maximum Time

If necessary, values of ITM greater than 20 can be considered rela-

tively easily, at the expense of increased storage. It suffices to increase

the dimension of the arrays

V, BUFF, UI, U, UR

which appear in COMMON statements. Let ITMN=IT14+1. The new dimensions for

the above-mentioned arrays are to be

V(5,ITMI,2), BUFF(200+ITMl), UI(ITMI), U(ITMI), UR(ITMI).
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Incidentally, if there are fewer than five layers, storaqe can be reduced by

changing the 5 in V(S,ITM1,2) to the actual number of layers. (In subroutine

FIELD there is an array UT(2( ) that contains the transmitted field. The

dimension of this array need not be increased since UT is equivalenced to

BUFF).

Increasing the Number of Intervals Allowed

If a value of NL qreater than 5 is desired, it is necessary to

1. Change the dimension of all arrays in COMMON statements from 5 to the

new value of NL (i.e., wherever a 5 appears, it should be replaced

by NL).

2. Change the appropriate READ statements in the main program and WRITE

statements in subroutine PRNT.

Decreasing the Step Size

If a value of N greater than 128 must be considered, it is necessary to

1. Chanqe the dimension of all arrays appearing in COMMON statements

from 129 to N+1.

2. Chanqe the dimension of BUFF to N+ITM+3.

3. Change the EQUIVALENCE statement at the beqinninq of subroutine FIELD

to

EQUIVALENCE (BUJFF(N+2), UT(1)).
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Numerical Solution of Equation (B.1)

For some permittivity profiles the Liouville transform (8.1) will need to

be solved numerically for z as a function of x. This requires two new arrays

to be generated, Z(I) and ZH(I), 1=1, 2, ., N, where

z(I)

(I-1)H=(fI {( ods)/t
ZH(I)

([-.5)H=(f {e(S)o I ds)/I

and Z(N+1)=L. The above equations are readily solved via Newton's method.

Since the functions Al, AIP, BI, BIP in subroutine EVAL cannot be ex-

pressed in terms of the x variable, they must now be written as functions of
Z,

dz 1 I-1 1

AIP(z) dz(± l(z) }'dx)
dz dz

BI(z)=-Ioi(z)/eI(z), zl_l<z<zI

BIP(z)-(dBz (z))l(z )Vo I"
dz

Finally, in subroutine EVAL the statements

XR=(I-I)*H

XR-(I-.5)*H

should be replaced with

XR-Z(l)

XR-ZH(I)
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resipectively, and the remaininq eiqht statements of the form

XR=(X(J)+1-I)*H

XR=(X(J)+I-.5)*H

should be replaced with

XR=Z(NPTL(J-1)+I-1)

XR=ZH(t4PTL(J-I)4!-1).
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VII. SOURCE LISTING OF HATS

2. INTEGER x

COMMGN /5 LJ)CKZ/A(33)98(33).AP(33).aP(33)D(33)A.~(33)i3aN(
3 3

6. OP(33) .E8I(33).A4(5) AL(5).BR(51.BL(5I

COMMO /dLD3/(3).QNEWZ)(33).XPB(.12).(M53.9gvP(5j-,J,

9. 2 YM(59129).XPC(5).XMC(5).YPC(5J.VUC.AoPfSI15).
10o, 3 A#46(5)*P(5.Z.33*33)
110 COMMON /SLOCK4/JV(916).jwcs.6).SV(59ac),.W(5.a&..V(s*20ua2)v
12. 1 W( 5.129.2Z) *VS( 129.2).WS4 129.21
13. COMMCh /8LOCiC5/8UFF(22O1).UJ(2O01).U(20O1).j5Rg2001)
14. READ (5.2000) N. NI.. IFRhi. ITM, ISCAT. IOPT9 (X(l),1 Ia *
15. READ (593000) (CC I)9I =1.6)
lb. NTGP Z N + 1
17. H a .0/ N
Is- CALL PFNT(1)
19. CALL KERNEL
20. CALL DELTA
2-1. CALL INCwAV
22. CALL FIELD
23. CALL PQNT(6)
24. STOP
25. 2000 FORMAT (6159/96151
Z's. 3000 FORMAT (6E12o5)
27. END

I: SUBRCUTINE EVAL(LAYER*IC()
-. C........o.INSERT FUNCTION STATEMENTS FO EACH LAYER
3. A1(X) -3.0 4.X

dl(X) - 3.0 +. K
AIP(X) = 0.0 + 0. * x

a1p(X) = 0.0 + a. * x
7. ~ A2(X) = 0.3 0 * ~x

So 82(X) - 0.0 + 0. * x
9. A2P(XJ a 0.0 + 0. * X

to- 32P(X) = 0.0 + 0. * x
11. A3(X) - 0.0 + 0. * x
12. 33(X) = 0.0 +~ 0. * X

L3. A3P(X) = 0.j + o. * x
14. a3P(X) aL 0.3 + 0. * X
15. A4(X) - 0.0 + 0. * X
16. 34(X) a 0.0 + 0. * X
17o A4P(X) a 0.0 + 0. * X
Is- 84P(A) a0.0 + 40 * X
19. A5(X) N 0.0 + 4 0 X
20o 85(X) a 0.0 + 0. * R
21. ASP(X) - 0.0 * 39 * X

22. 85P(X) a 0.0 + 0. * X
223. C.0. 00000
24. INTEGER x
25. COMMON /8LOCK1/H.NML.NT0P9.NPLISIFSP@.ITh.Iyt.SCAT.ZOPT
26. COMMON /sLoCK2/A(33).a(33),AP(33)%BPI)t33) .AN3)o%(3391aN(3J%
27. 1 APN(33).B"tU331.Ot"(3)A133),BII(3),DTI(33),
28. 2 P3),S(2Af()Atb(6.L1
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29. COMMON /8LOCK3/X(6).C(6).DPI(33).DPI(33)EA49(5.J3).EAPe(.33),
30. 1 00LD133),QNEW(33).XP(S.129).AM(5.129).YP(5.12;I.
31. 2 YM(5.129).ZPC(5).XM4C(5).oYPC(5).YM4C(5).AP81(5).

34. NPI - NPTL(LAYERI
35. IF (ICKoEG*23 Go TO 70

400 B(I) - BI(XR)

47. AP(I) - APXR)
48. BP(I) - 5P(XR)
49. DT(lI) -(B1() 2 5t*) .

53. XR m (I(2 - 05 H .
4.i AHC!) a ACX)
55. B6(I) - 81(X)
56. AP(1) =A2P(XR)
57. BPH(1) - S2P(XR)
59. DT(I) - (S() *0 2 -A) ** 2 ) 40

52. 20 00 25CZ 1 - -o .5)P
63. AM(1 = (X2 + I

54. A =l A2(XQ)

56. AP(L) =A2P(XR)

53. BP(1) B 2P(XR)
64. OTHI) = 5B() *2 -AIl) 5*2) /4.0

56:. 30 F =(X(2. + 1) 4.5 .* H

70. AU() = 4(XR)
71. S8(1) = 53(XR)

72. AP(1) =A3P(XR)
73. aPH(J) = a3P(XR)

74. OTrCI) = (B() ** 2 - A) *5 2 ) 40

695.A = (X(3) + I - .) * 14

76. ANI) =A3(XF)

77. B1(I) = 83(XR)
78. API(I) = A3P(XR)
73. BP(I) = 93PXR)

70 DT(1) -(8(1) *2 - A() *2) /4.0

84. XA - (X(3) + 1 - 1) * 14

769 AHIX) - A(Xkl

86. 8H() - 83(XR)

780 AP() = A3P(X)

7Q. SP() - 83P(XR

ale 45 ONTIN5
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92o DWI1) - 8(il)e a-AtZ . ). .

97. GO TO 67
98. 60 00 6S I M.PI

99. XR a (X(S) + I - to) m

too. AMl ASIXR)
101. 8(1) - aSIXA)
102o APM! ASPCXI
103. SP(I asspIxR)

104. DTMl (5() * 2 - ACI) 0S 2) 4.0
Los. XR a (XIS) + 1 .5) N

106. £1411) - AS(XR)
107. SH~1) - SCKR)

1ode AP1HIX) - ASPIER)
109. SPN(I - 8SPIAR)
110. DTN(I - (GMM1 5 2 - A41)S 2) 4.0

111* 65 CONTINUE
112. 67 CONTINUE
113o AIINPI) 000
114. a1(NPII 0.00
11s. OTICNPI) =0.0
1160 EBI(NPI) a1.0

117. N =NPI-I
118. 00 68 K 1. N

1190 J =NPI K~

120. JP aj +1
121. AI(J) = AI(JP) + mq * (AijI + 4. * 414(J) + ACJPJI
122. 61(J) - 31(JP) + Hbi * (w(j) + 4. * 514(iJ + 9(jp)j

123. DTICJJ - DTI(JP) + HS5 tOTDIJI 4. D TH(jJ + DT(jpI)

124. EBIJJ = EXPI a1(4)

125. 68 CONTINUE
126. Go TO 90
127o 70 0C so 1 a1 If Np1
128. aCI) a - (I)
1290 BP(ll - ap(5)

130. 8141) - 514(j)
131. IpHII) = p"(I)
132. 5141) -51)

133. £5111l) to 1. E/£111)
134. 40 CONTINUE
135. g0 CONTINUE
136. ARCLAYER) a AINPI,)
137o BRILAYER) a B(Npt)

135. ALILAYER) a All)
139. OLILAYER) a 0(i)

140. 00 100 I a to mpt

141. DPMI - OTI ) (APM! SP~l) 2e

142. to0 CONTINUE
143o RETURN
144. END
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1: SU~fkOUTlNE INCaAV
2. C..... - INSERT =UN'CTION STATEMENT FOR INCIDENT FIELD
3. JINC(X) .3+ 3

0. ~CUMMCN /LC5BF(21vl2~)U2o)utu
7. H2,lZ

So ITMI =ITMi + 1
9. DO 10 .J 1 . ITMI

to. x-= - ) olH2
11. UI(J) UINC(X)
12. 10 CONTINUE
13. IRETURN
14. END

1. SUBROUTINE PRNT(K)
2. INTEGER X
3. COMM0ON /BLOCKI/He NL oNtGm NPTL( 5) 9IFRQ9 IT~w 1To LSCAT 91OPT

4. COMMON /BLOCKZ/A(33).a3(33).AP(33).BP(33),OT(33).AHC33) .BH(3.3).

5. 1 APr4(33).BPH(33).DTI(33).Al(33).BI(i3).OTI(J23J,
6. 2 LP33EI33)AR()AL(5)8R(5.8L(5)
7'. CGMMGN /8LOCK3.AX(b~l.C(6J.DPI(33).0PBl(33)EAMl8(5.33).EAPb5.33)9
so I QOLD(33),ON4EU(33).XP(5.1Z9).XM(5.129).YP(5.129).

9. 2 YM(59129)oXPC(5).XMC(5).YPC(5).YMC(5).APSI(5),

10. 3 AM8I(5IoP(5o2o33*33)
11. CCA4MON /8LQCK4/JV(5,16).JW(5916).SV(516).SW(516)V(52UI)2).

12. 1 W(S9I29e2)vVSt129o2)9WS(I29oZ)
13. COMMON /5LOCK5/BUFF(2201J.UI(20O1).U(20O1).UR(Z001)
14. IF (K - 2) Is 2. 50

I5. 1 CuNTINUE
16. Co.........PRINT OUT INPUT DATA FROM LINES 1. 2. 3

17. N = NTGP -1
Is* NLL = NL + 1
19. WRITE (6.2000) No NL, IFfkQ. ZTM. ISCAT. JOPT. (X(I). 1 1. NLL)

20. WRITE (6.3000) fC(l).-I =c I* NLL)

21. C WRITE (8.2000) No NL. IFRO. ITM
22. RETURN

23. 2 CONTINUE
24. RETURN
25. 50 CONTINUE

26. IF (K - 4) 3. 4, 60
27. 3 CONTINUE
25. c......*..PRINr INCIDENT. REFLECTED AND TRANSMITTED FIELDS IF ISCAT =1

29. IF tISCAT .E~o 0) RETURN

30. IT'll - [TM +' I
31. WRtITE (6.5000)
32. WRITE (6.1000) (UI(139I - 1. ITMI)
33. WRITE (d.5100)
34. WRITE (691000) (URCI)*]! w lo ITMI)
35w WRITE (6952001
36. WRITE (6.1000) (V(NL.I.I)9I -l to TMI)
37. C WRITE (8.1500) (V(NL*Iol).I - I* ITMI)
38. C WRITE (8.1500) (UR(1)9I - 1. ITMI)
39o RETURN
40. 4 CONTINUE
410 Co.o.o.s...PRINT FIELD AT ALL GRID POINTS INSIDE MEDIUM AT TIME TAU 1
42. WRITE (6.7000) IT
43. WRITE (6.1000) (U(I).I a to NTGP. 2)
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44. C *RITE (8.0000) IT

45 WRITE (6.1500) (U(I). to1 NTGP9 2)
46. RETURN

4-1. 60 CCANTINUE
C*8 IF (K - 6) 5o 69 6

4 c~.5 CONTINUE

C...o..oo..PRI4T FIELD AT POSITION X a IT s H4 FOR TIMES
C..oe........TAU a IT hoIt (IT + IFRQ * 2) No ooo

52.IMAX = t + (ITM ( IT / 2) 1 / IFRO

S:,,*RITE (698000) IT

5..wRIT5 (6.1000) (UI)*I toI IMAX)

C WRITE (8,P6000) IT
C 1 c RITE C8*L500) (U(JIo t. IMAX)

1 7. RETURN
5 CONTINUE

5,. &RITE to,4000)
'J. RETU~RN

1(.00 FOAMAT (lX98EI0.3)
A'G FS. ORMAT (BE10.3)

30LZ FORMAT (bE1Z.5)
4C30 FORMAT (//.X.3HFINISEOJ

.5* CO0 FOR"AT C///IX14INCIDENT FIELD./J
5100 FOR~MAT (///IXSREFLECTEO FIELD*/)
5200 FORMAT (///o1Xol7HTRANS4ITTEQ FIELD./)

a000 FORMAT (110)
7000 FORMAT (///.ZXv29HINTERNAL FIELD AT TiagE TAU 4 fIL0-8H 2 H 1./)

8000 FORMAT (///*IXo2IHFIELO AT POSITION X *oI10v41 * ./

ENO

SUBRCUTINE K(ERNEL
........1LSSUBROUJTINE SOLVES SYSTEMS OF PARTIAL DIFFERENTIAL

C ...........~ATINSTO OBTAIN RIEMANN FUNCTIONS FOR EACH LAYEA'
C..........OFTHE MEDIUM

INTEGER X
COMMON /SLOCKI/PI.NL.NTGPNPTL(5JIZFRO. ITM.IT.Z5CAT.SOPT

7. COMMON /5LDCK2/A(33).P(33),AP(33).Up(33),OT(33).AM(
3 3 )e(S 3 3)O

S. APh(33).BPh(33s),ThN(J3).AI(33).51(
3 3 )eDTI(33).

2 DP(33l.E-BI(33 .AR(53,tAL(5).3R(5).5BLC5)

10. COMMON /BOK/()C69P(3*PI3lKNI*3*AB53)
I OOLD(33).QNIEW(33).XRIS?129).XM(5.12

9 ).YP(5.1 2 9 )o

12. 2 Yt(S.291,XPCI5).XMC~il.TPC(S),YMC(5).AP9I(5)*

13. 3 AMBI(5)sP(5.2v33,J33

14. 31MENSION W(331

15. C..o.oe.oo..NL -NUMBER OF LAYERS

lb. C..........NPTLlZ) = NUMBER OF GRID POINTS IN LAVER I

17. 00 10 1 a I NL

18: NPTL( I) X( I+ II - X I ) + I
i1e. 10 CONTINUE

20. H44 M 1/4
21. MS H 1/6

22. 00 110 1IaItoNL
?3.Fp a - (C(II*) + 1.) /2.0

2.FZ a (CcI*I) + A. 4.0

25. F3 a (I*lL)- )/20

2(;. F4 a F3 / 64.0

27. FS a F3 / 2.0
2E~.NPI NPTL(Z)
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29. N a NPI - I
30. DO 100 ICK a1.2

31. CALL EVAL(1.ICK)
32. F6 - (ARI!) - BR(1)) ,'4.0

33. 01 a F3 * (AR(Ii + SR(IJ) , 2.0
34. 02 - - F2 * F6 * 4.0
35. D3 m F2 O P(NPI)
36. OPI(NPI) =0.0

37. DPOI(NPI) a0.0

38. AMB a (ARM! - ORCIJ 2.0
39. 00 20 K I*NI
40. JNPI -K
41. JP +I
42. DPI(J) O 07(J) + (AUJ) - (J)) /2.0 -A148

43. OPBZ1j) DPeI(JP) + MS 81J) 840T(J) - (AP(J) -SP(.J) / 2.a)
44. 1 +4 . * BH(J) *(OTM(j) -(APH(J) - dPH(j)) / 2.0)

450 2 + S(JP) * (DT(JP) - (AP(JP) - BP(JPJ) e 2.0))4 60 20 CONTINUE
47. C*.....**...COMPUTE 8CUNDARY VALUES
48. DO 25 K -1, NPI
49. PfJ.1CKo.9.L) F1 * (071(K) + (A(K) - B(K)) / 2.0) * DI
so. j = NPI +I -K

51. P(1IlCKvNPl*K) mES1(J) * (p3 a(OTI(j) + (A(j) + BCJ)/2.oi 02
52. 25 CONTINUE
!3. C.oo....GENERAT! SOLUTION OF POE
54. DO 40 NCT -2. N
S5. LN =K 2- NCT
56. KMAX = NCT -I

E7. ON = OP(LN)
56. Dm= DP(LN-1)

sc. EN = EBICLN)

to. 3LLO(lJ = F2 * ON/EN

61. ENM = EDI(LN-1)

62 CLD)(NCT) = J3 + (F4 OPI(LN) -F6)*DPI(LNI F5 Ps PSI(LN)
EQ = ENM/EN
#44 = H1/4.

's. HE = H/EQ

66. DE = UN/EN

67. HOE = H44 * ON * ZQ

6:3- OCT a 1. + M44 * H * DNM

69. DO 30 J = 1, KMAX
70. M LN +J

72. J1 a j + I
73. R(l.ICK.Ml.JI) - (P(IgICK.14.JI) - 4*(MOE SP(1.1CK.ail-J)4

74. 1 EN * 3OLO(JII + CNN * GOLD(JJ.))/OET

75. Nm(I (QOLD(j) + 144 * (DE * P(I*ICK*ML*J) +
76.a ONM * (P(L.LCKoM.JZ)/EN4 H E *QOLDCJI)fl)/DET
77. 30 CONTINUE
?So DO 35 1 Z.NCT

79. OOLDCJ) O NEW(J)
* 80. 35 CONTINUE

810 40 CONTINUE
*82. QNEWI!) F 2 * DNM/ENM

83. ONEW(NPI) - 03 + (F4 * OPICI) - F61 * PI(L1 + FSS DPOIll)
840 c ....... COMPUTE INTEGRAL FOR SCATTERING KERNEL

Seo F7 aEBIM ) 2*
A6. F6 a (ALM ) SL(I) 2.0
87. Wtl) 0.
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W1 m F7 00NEW(1) - Fa * P(I*ICK*.I)
DO0 50 K it 2. NPI

~o. W2 - F7 SONEU(K) - Fa * P(I.ICK9K.K)
9.W(K) - W(K-1) H.1 (NJ + W2)

W1 nW2

50 CONTINUE

94 IF (ICK*EQoZ) GO TO 70
9pg F9 EBI(11

96. F11 F SS (C(I+1) + 1.)

~7.00 60 K -1. NPI

98. XP(I-K) -(-P11 +. WCK)) /ESICIJ)
99. XM(I*K) FII + 2. P(I9ivK.K) - W(K)

100. 60 CONTINUE
101. XMC(i) - XM(i*NPI) F 3 * CALMI + OLCI) EBICi)
102. XPC(IJ - XD4C(II EBICil

103" GO TO go
104. -ta Gi = F3 *(ALCI) +. aL(I)j * EBICI
I CS. G2 - -F1 C ALLIZ) - 8L(i))

106, DO 80 KT aI* NPI
107. K -NPI-KT + I
toil YP(I.KT) G1 - 2.* P(I.2*NPi.NPI) + *0 P(19Z.K*K) +. %(NP1i- W(K()

'Vz. M(I*KT) -Gi +. 2.* P(1*2vNPI.NPI) - W(NPi) o W(K)) /EdIC1)
1.10. 80 CONTINUE

111.YPCMi - G1 - 2.* P(I*29NPi9NP1) - Z +. W(NPI)
112. Yt4C(I a -YPC(Z) / EBICI
113. 0 CONTINUE
IL4.. ..oo CONTINUE

* 15. 00 10S~ J toI NPI
110. AMBCIiJ) =EXP( (AI(J) + 1(J)) /2. ) / 2.0

117. EAPO(!.J) aEXP( (AI(J) - 51(J)) /2. ) / 200
116.105 CONTINUE
11.aR(I) = - B3R( I
120. L( I) =- BLCI

121. AP3(l) = 2. * EAPS(1*1)
122.: AM45(I) = 2. * 5AMB(191)
122~ LIU0 CONTINUE
124. RETURN

125. &ND
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1. SU6B.CUTINE DELTA

2. C .... .* ....THIS SUBROUTINE C014INES THE RIEMANN FJtuCTlONr.S FPkCM

3. C ........ SUBROUTINE KESRNEL TO FORM THE SCATTERING KERNELS
4. INTEGEr( x

REAL*6 iJ1.SUM2,SUM3.SUM4.
6. COMMON /-3LOCKIIH,NL.NTGP.NQTLC5I.IFRQ.LTM.IT.ZSCATAOPT

7. COMMON /BLOCK3/XC6),4CL6) DPI(33).DP5I(33).EAB(5J3)EAP(5...i).

a.I QOLD(33).NEw(33j.P(5.129).XM(5129)YP(5.1~rI,
2 Y..(51293XPC(5).XMC(5).YPC(5h ,YMC(5).APBI(5b.

13.3 AMBI(5) tP(592933*33)
11. COMMON /8LOCK4/JV(5.,L6).JW(5.16).SV(5.16).Sib(5.I6).V(5.20O1.2).

12. 1 W(5vi29%Z),VS(129*Z)*%S( 129.Z)
13. N = NL

1... NTGP = 0
15. 00 10 1 1.L
t6. NTGP = NTGP + NPTL(IJ

17. 10 CONTINUE
130. NTGP NTGP - NL + I

1;. NTGPI NTGP -I

23. 00 30 1 - 1. NL
21. NP2 - NPTL(I) + I

22. DO020 KaNP2. NTGP

23. XP(19K) -XPC(1)
24. XM(19K) w XMCII)
25. YP(I.K) = YPC(I)

26. YM(IvK) = YMC(X)
27. 20 CONTINUE

25.30 CONTIN4UE

29. C.o.o...CALCULATE LOCATION AND STRENGTH OF SINGULARITIES
30. rNN1 =N-I
31. Jvthot) =0

32. JW(NoI) =2 * X(N + 11
33. SVIN.1) mANSI(N) * (CIN + 1.) +. le) / 2.

34. SWi(N.I) - AP8I(N) * (C(N 4 1) -1*) /2e

359 IF (N.EQ.1) GO TO 70
360 DO 60 IC - I* NMI

37. NCL - N - IC
38. NCK =NCL + 1
39. NJ = 2 ** (N - NCL)
40. NJ2 =NJ /2

41. 00 40 1 Is K.IJ2
42. JV(NCL.1) =JV(NCK.1J

43. JW(NCL*I) =JW(NCK.I)
44. SV(NCL.1) =AMSl(NCL) * (C(NCK) + 1.) * SV(NCK.I) / 2.

45. SW(NCL.1) APSI(NCL) * (C(NCKJ + 1.) * SW(NCKwZJ / 2.
46. 40 CONTINUE
47. NJ3 - KJ2 + 1
48. 00 50 1 NJ39 NJ
4Q. JV(NCL*I) -2 * X(NCK) - JW(NCK.I NJ2)

SO. JW(tCL.)zi 2 * XINCK) - JV(NCK.I NJ2)

51. SVCNCL.X) -- AMBI(NCL) * (C(NCK) to1) * SmLNCK,1 - NJ2) / 2.

52. SW(NCL.1) -- APa1(NCL) * (C(NCK) - o) * SV(NCK.L - NJ2) / Z.

53. 50 CONTINUE
540 60 CONTINUE
55. 70 CCNTINUE

SQ. AV a AP5I(N) / 4.0
s7. AM = AMBI(N) / 4.0
55. 00 SU K = I, NTGP
5-1. V(14.K.1) a AM * XM(N.K)

60. V(N*K.2) - VCN*Ko1)
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81. W( NoKo I) = AP 19XP(1,,A)

ea ~ 80 CONTIN UE
64. VC No I *I) = 0.

65. WINotel) -0.

6co. NPI -NPTL(NI
67. V(NoNP1.2) a AM * XMCCN)

65 . *(N.NPI92) =AP * XPC(N)
69. IF INO.O0.1) GO TO 240
70o DO 230 IC = 1. NMI

71. 1a N -IC
70 C.o.....CALCULATE INTEGRALS FOR LAYERS N-1.N-29...2#l IGNORING SINGULARIT

73. NPI NPTL(I)

74. K N Pu - 1

75.AM 3ANOI(l) / 4.
76. AP -AP5I(Z) / 4.
77. IP 3I + 1

78. -m 2. * (C(IP) - 1.)

79. CP aZo * (C(IP) +' 1.)

P-0. v(I111) - 0.,

81. V(Io.*.2i AM 0 (CP 4V(IP9Z.2) -CM SW(IP*1*2))

82. W(I9191? - 0.
83. WI 19192) - 0.

e4. 00 110 K - to NI
E5. SUM1 a 0.00

86. suMa a 0000
87. DL 90 Ja w K

88. 1K a K - J1 + 2

89. JP = j + 1

90. IL - lK - 1
91. SUMI a SUMI + XM(I.J) 0 V(IP91Kvl) + XKM(I.JP) V(1P*IL921
92. + 4 YM(1.J) * W(IPoIK.II + VMtl.JP) S (IPoZL.ZI
93. SU042 - SUN42 + XP(1.J) * VCIP.IKel) + XP(1.JP) V(ZP.ZLL2)
94. + YP(I.JJ * V(IP*Ixo1) + YP(l*JP) SW(I10P.02)Z

95. 90 CONTINUE
96. KP - X + 1
97. DO 100 U - 1. 2
98. VCI.KPoM) -AM * (CP * V(IP*KPoM) -CM 0 VICIP99091) + H * SUNI)

:)9. w(I*KP*N) - AP * H * SU142
100. 100 CONTINUE
1010 I10 CONTINUE
102. W(1.NPI*2) W(19NP1.2) *AP S(CP SW(IP,,L*2) CM 0 V(IP9192uI
103. SUI13 8 6.00
04. SUN& a 0.O0

105. DO 140 K a NP1. NTGP1
:06.SUM! a 0.a00

107. SUM2 - Q.00
108. 00 142 J1 - I* NI
104. IK a K -J.+2

l10. JP a J I
lit. IL a 1K 1

112. 5UagI a SUMI + XM(I*J) * V(lPqEKo1) X MIZ.JPh 0 VIZP*IL*Zv

13. + YM(I*J) * W(IP*IK*I) +4 WUJP) * W(IPoIL&2)

14. Suw2 a SUM2 + XP(19J) * V(IP*ZK.1) + XP(I*JP) * VCIP*IL*2)
Its* 1+ YPCZ.J) *W( IPoIK91) + YP(I9JP) 0 W(IP*IL*21

)16. 120 CON! imuE
117. SUJM3 a SU4I3 + V(IP.I( - NPI + 2.1) + V(IP*K - NPI + 1.2)
113. SUMS n SUM4 + W(LP9K - NPI + 2.1) + uCZP*K - NPt + L923

1140 KO a K + 1

123.KmM K NPI *2
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1::1DO L30 M~ =1. 2
;22. VCI*KP.M) =AM * (CP .V(IP*KPM) - CM * W(IP..(P*M)
123. * 4. * (SUMI +. XMCCIJ * SUA3 +. YMC1I) * SUM4))

124. *(1 KP.M) =AP * (CP * W(IPvKMoN3 - CM * VCIPeKM.M4)

25. + 4 H * CSUM2 +. XPC(I) * SUM3 +. 'PC(I * SUM4))
126. 130 CONTINUE
127. 140 CONTINUE
0z5. C.e.....AD IN CONTRI13UTIONS DUE TO SINGULARITIES

'30. 00 220 K = is NJ
131. JVK = JV(l +. L..() /2

132. JUK = JuCI 4. 19K) /2
1.33. SVK = SVCI + 19K)
134- SWK = SW(I + 1.a()
35. V(Itl - JVK..2) = V(Is1 - JVK*2) +. AM * SVK * XM(I.1)
136. MC 1.1 - JVK.2i = *(lot JVK92) 4+ AP * SVK * XP(I.IJ
37. NS =NTGP - I +. JVK
138. NF =2 - JVK
139. DO 160 K! NF9 NTGP
i40. DO 150 M4 1. 2
141. VCIoKlgM) =VCI.I(19M) + AM *SVK 0 XMCIvKI +. JVK)
(42. W(L.KIAI) =W(I*KI*M) + AP * SVK * XP(I.CI + JVK)

143. 150 CONTINUE
[44.160 CONTINUE

45. IF (NS - Nl) 180. 1709 170
:46. 170 KKI = NPI - JVK
147. VCI*NPI - JVK*2) = (VCIoNPI - JVK*2) - AM * SVK S XMCI*NP1))

148. + AM * SVK * XMC(Z)
149. W(IoNPI - JVK92) - (W(IoNPI - JVI(.2) - AP * SVK 0 XPCIvNP1))
!50. + 4 AP * SVK * XPCCI)
15t. 180 NS wNTGP - I1 *XCI + 1) - JWK
152. NF = JWK - XCI + 1) + 2
153. VCI*NF - 1.2) = VCI.NF - 1.2) + AM * SWK * YMC 1.1)
154. u(I*NF - 1.2) = WCI.NF - 1.2) +. AP * SWK * YP(I.1)
155. Do 200 KI = NF. NTGP
ISO. ICKI m K1 + XCI +. 1) - JUK
157. DO 190 M =1. 2

158. VCI.KI*M) = VCI@KI9M) + AM * SIVK * Yt4CIvKKI)

159. WCI*KI*M) m WCI.KX.M) + AP * SWK *. VP(IKKI)
160. 190 CONTINUE
161. 200 CONTINUE
162. IF (N5 - NI) 220. 210. 210
163* 210 KK1(- JWK - X(I) + 1
164. V(19KKI*2) C(VCI.KKI.2) - AM*SWK*VMC1.NP1))+ AM*SWK*YMC(l)
165. W(L@KKI*2) in(W(i.KKI.2) - AP*SwK*YP(I.NPI)) 4AP*SwK*YPC(I)
166. 220 CONTINUE
!67. 230 CONTINUE
163. 240 CONTINUE
169. Co.......CALCULATE SCATTERING KERNELS wS AND VS
170. CP a (CC) 4. 1.) 2.
171. cm a cCC) - 1.) /2.
172. DO 260 K = 1. NTGP
173. DO 250 4 =19.2
174. VS(K.M) a - CM * VC1.K*M) 4. CP * W(1.KoM)
175. WS(K.M) = CP * VCI.K.M) - CM * WCI.K*M)
176. 250 C0TINUE
177. 2b0 CONTINUE
176. CALL PNNT(2)
179. qETURN
130. ENO

53



SUBaRCUTINE FIELD
2 .......... I'415 SUBROUTINE COMPUTES SCATTERED AND INTERNAL FIELDS

........... .... THAGUGH USE OF T.ME SCATTERING KERNELS OBTAINED IN

............. **SIJSRO.JTlNE DELTA AND TH4E RIEMANN FUNCTIONS OBTAINED
...L.....0..... IN SUeROUTINE KERN.EL

INTEGER X
* 31'4ENSIGN UT(20O1J.9W(I29.S(32)9JJ(32)

COMN /8LOCKI/H.NL.NTGP.N4PTL(S).IFRO.ITM.ITISCAT.ZOPT
COMMON /BLOCK2/A(33).8(33).AP(33).SD(33.DT(33.AM(33)SM(33)9

I~j.1 APN4(33).SPO4(331.OTs(333.AI(33).SI(331.OTI(33).
1...2 DP(33).E81(331.AR(SIAL(5).BR(5).5&L(S)

COMMON ,SL0CK3.'(6).CI6).DP1133).0PBI(33)EAMS8(5.33)EAPB(S..33).
I QOLD(33).0NtwC33).XP(5.129).AM(5.1291.YP(S.129),
2 YM( 59129).XPC(5).XMC(53.YPC(S).YM4C(5).APSI(5).

1:5. 3 AMBZ(5)*P(S%29,33*331
1t. COMMON /aLOCK4/JV(5.36).JW(5.16).SV(5.161.SW(S.16)oV(5.2001.Z).

U 5. 129.2)9*VS( 129.2)vb S( 129.2)
COMMON /SLOCK5/SUFF(22011.lI(2001).U(2001).UR(2001)

19a. EQUIVALENCE (BUFFt13019U1(t))
20. REAL*S Sl.52.S3.S4eS5.S6
21. DO 10 1 to1 2200

2>.BUFF(Z) =0.

10 CONTINUE
24. .-.... o.....COMPUTE TRANSMITTED FIELD

KM - 2 0 N - 1)

CP -(C(I) +I*) /20
27 ~ CM -(CUl) - to) / 2.

00 20 K=I* KM

29. JJ(K) - JV(1.K) / 2.
30. JJ(KM 4K) I JW(1.K) / 2.
:11 S(K) =SV(1.K) * CP
32. S(KM + K) -- SW(l9KJ 0 CM
331. 20 CONTINUE
34. 00 30 m 2. NTGP
33. WW(M) a (WS(M.I) + VS(M92)) H

- b 30 CONTINUE
37. WWC z 2. S M * VS(NTGPqp2)

38. DIV = S(1) + H W S(192)
39. UTC1) - 0.

40. UT(2) aUI(2) /DIV
'A., 1 IM = 2 **NML
4.2. 00 60 K -29 NTGP
43. KP - K + 1
44. SI = 0.00
45. 52 - 0.00
46. DO 40 1 - 2. K

47. St = St + WW(I) * UT(2 + K 1 )
48. 40 CONTINUE

49. 00 50 1 - 2. IM
50. 52 a 52 + S(1) * UT(KP * JJ(IJ)
51. 50 CONTINUE

52. UT(KP) - (UI(KP) - St S 2) DIV

S3. 60 CONTIhUE
54. KF aNTGP I

55. 52 a 0.00

ITMI - ITM + 1
57. Do g0 K - KF. ITMI

58. KP a K + 1
5-). I -0.00

DO 70 1 29 NTGP
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61. Si = S1 + b*( I I kjT(2 + K-)

62. 70 CONTINUF
63. S2 = S2 + UT(KP - NTGP)
64.o 53 = O.DO

65.00 50 1 2. Im
tb. 33 = S3 + S(1) 6 UT(KP + JJ(Ij)
67. 80 CC"NTINUE

03. UT(KP) = (UI(KP) - Sl - wWC S 52- 53) / DIV

69. 90 CONTINUE

70. C...,..o..CCMPUTE REFLECTED FIELD
71. DO 91 K = 1. KM
72. S(K) = - CM S 3(K) / CP
73. S(KM + K) - CP * $(KM + K) / CM
74. 91 CONTINUE

75. 00 92 M 2. NTP
76. wwm) = (VS(N,1) 4+ VS(MO2)) H
77. 92 CONTINUE
7S. wwC = 2. * H * VSCNTGP.2)
79. S(I) = S(I) + H * VS(I12)

80. UR(L) - 0.
81. UR(2) = S(I) * UT(2)

82. DO 95 K = 2. NTGP
83. KP = K 4 I
e4. Si = 0.00
L5. S2 = 0.00

86. D 93 I = 2. K
87. Si = Si + WW(I) * UT(2 + K - I)
8. 93 CONTINUE

89. 0 94 1 = li IM
90. S2 = 52 + S(I) * UT(KP + JJ(I))
(1. 94 CONTINUE

92. UR(KP) = S1 + S2
93. 95 CONTINUE

94. S2 = 0.00

95. DO 98 K = KF9 ITM
96. KP = K + 1
97. S1 = 0.00
ga. DO 96 1 - 2. NTGP

99. S1 = Si + hl(l) * UT(2 + K - I)
100. 96 CONTINUE

101. 52 = S2 + UT(KP - NTGP)
L02. 53 = 0o0
103. DO 97 I = i. rm
104. -3 = S3 + S(I) * UT(KP + JJ(I))
105. 97 CONTINUE
106. UR(KP) - S1 4 S2 * WWC 4 S3
107. 98 CONTINUE

108. DO 100 K = 1, ITMI
109. V(NLoKo1) = UT(K)
110. V(NLoK*Z) - 0.

Ill. 100 CCNTINUE
112. CALL. PRNT(3)
113. C*.**...s..COMPUTE FIELL) AT INTERFACES
114. IF (NL.EC.i) GO TO 180
.15. NTD = NL - I
Ito* DO 150 IL W 1. NTD
.17. NCL =N. - IL + 1
118. NOL = NCL + 1
119. NNL = K CL - I
L23. cvi = i%4BI(NCL.) * (C(NPL) + Is) / 2.
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121 ~ W -AP81(NCL) * (C(NPL) - 1.) / 2.
.2.CV2 a- AMBICNCL) S (C(NPL) - I*) / 2.
1230C02 = AtA91(NCL) * (C(NPL) + to) / 2.
.2'*.CV3 = tn * AMdl(NCL) / 2.

'25. CW3 = * APSI(NrL) / 2.
126. CV4 = H * XMC(NCL) * AMSI(NCL) / 4.
127o CW4 = M4 0 PCINCL.) 0 APOZINCL) / 4.
L26. CV5 H * Y"CCNCLJ * AMSI(NCL) / 4o
129. CWS - H * YPC(NCL) * APSI(NCLJ / 4.
130. NPI -NPTL( 1CL)
131& NPL aNPL-1
132. V(NNLolm1) a 0
133. V(NNL91*2J 0.
134. 00 120 K Ze NPI

135. St - - XM(NCL*I) * V(NPL.Koi) /2.
136. 52 - - YM(NCL.1) * V(NPL*K*2) / 2

137. 53 - - XP(NCLvl) * V(NPL.K.1) /2.
138. S4 a - YP(NCL.1) * V(NPL*K*2i 2.
139. KMI - K- 1
140. 00 110 J9 - I. KMI

141. KP = K + I - J
142. 51 a S1 + XM(NCL.9J) * V(NPL*KP.1)
143. S2 a 52 + YM(NCL.J) * V(NPL*KP.2)
L44. S3 a S3 +XP(NCL.*J) 0 VINPL*KP*1)
145. S4 - 54 + YPCNCL..J) * V(NPL.KP.2)
148. 110 CONTINUE
1470 V(NNLPK~i) a CVI * V(NPL.K.1) *CV2 SV(NPL.K.Zl + CV3 S
148. 1(Si + 52)
149. V(NNL.K*2) - CW.3 * (5,3 + 54)

150. 120 CONTINUE
1sl. S5 - 0.00

152. 56 - 0.00
L530 NP2 - NPI + I

154. NMI a NPI I
55.e 00 140 K aNP2. ITMI
156. KM =K -NMI
157. 51 a (XM(NCL.1) * V(t#PL.K.1i +. XM(NCLvNP13 0 V4NPL.ICM.1)J / 2o.
158. S2 a (YM(NCL91) * V(NPLoK*2) + TM(NCLvNPII . V(NPL*KM.2I) /' 2.
159. S3 a (XPCNCJ..I) * V(NPL*K.11 + XP(NC...NPII 0 V(NPL.KNMlIi / 2.
160o S4 w (YP(NCL.1) * ViNPL.KP2) + YP(NCL.NPI) * V(NPL9KM92)J / 2.
161. DO 130 J 2s NMI
162. KP a K + I -J
163o 31 a SI + XM(NCL*J) * V(NPL*KP.1I

164. S2 a S2 + YM(NCL.J) S V(NPL*KP.2)
165. S3 a S3 + XP(NCL*J) * V(NPL.KP~i)
166o 54 a S4 +. YP(NCL.J) * V(NPLoKP.2)
167o 130 CONTINUE
168. 55 a 55 + V(NPL*KN~i) + V(NPLKf1.II)
169. S6 a S6 +. V(NPLvKM92) +. V(NPL*K-f4P1.2J

1700 V(NNL.K.1) a CVI * V(NPL*K.1) 4 CVI aV(NPL*K*1)
t 71. CV3 0 (51 +. 521 + CV4 55+ CYS * S6
172. V(NNLmK*Z) a CWI * V(NPL*K14.1) *.CW2 0 V(NPL.KM.2) +
173. 1W Sw a S3 + S4) + CW* 335 Cw5S $6

174. 140 CONTINUE
175. 150 CONTINUE
t76. 160 CONTINUE
177. 42 a m4 * 2.
179. 3Q 170 1 to1 IT1h1

179. UT(1I a I*

170 CONTINUE
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iS1. IF (IOPT.-Q.l) G TO 300
182. C.w ........ CALCULATE FIELD INSIDE MEDIUM AT TIMES T a IT H N *2

123. DO 220 IT = IFF4o ITMe IFRQ

184. IN = NTGP
les. IJ = 1" + - (NIGP- LI) / 2

iso. W(IN) = V(NL.IJel) UT(IJ)

1£7. DO 210 K1 = 1. NL

'8a. NCL NL - Kl + I
189. NPL NCL + 1

190. NPI = NPTL(NCL)
1Q1. NP2 NPI + 1

192. NIL = NPi - 1

193. CM = C(NPL) - 1.
194. CP = C(NPL) + 1.

NIT - (NPI - L) / 2

,96. DO 200 JC = 1. NIT

197. IN - IN - 2

198. M - NIT - JC
1io 4;,2 = M * 2

200. IJ = IT - M + I - X(NCL) / 2
201. IJM = IJ - NMI + M2

202. SL = (V(NCL.lJoI) * P(NCL.eIM2 + 1.1) * UT(IJI +

203. 1 VINCL.ZJMl) * P(NCL.IvWPIvNPI - K2) * UT(IJMJ) / 2.

204. 52 = (V(NCL.IJM*2) * P(NCL*2*M2 + I.) 4 UT(IJM) +

205. 1 V(NCLoIJ92J 0 P(NCL .2NPLINPI - M21 * UT(IJ)) / 2w

206. IF (IJo.LEI) GO TO 190

207. JM - 2 0 JC

205 IF (IJM*LE.E0 JM a IJ - 1

209. DO 180 J - 2v JM

210. M2J a M2 4 J

211. St =S 1 i V(NCL9IJ + I - Jo) 1 P(NCL.L.MZJ*J)

212. S2 52 + V(NCL.*IJ + 1 - J92) P P(NCL.92*NP2 - J*NP2 - M2JJ
213. 180 CONTINUE

214. 190 CONTINUE'15. A412 - MZ + 1

216. .(IN) = EAMB(NCL*MI2) * (CP * V(NCL.IJ.1) * UT(IJ) -

217. 1 CM * V(NCL.oIJ2) * UT(IJ) + H2 0 SI1

218. U(IN) = U(INJ + EAPS(NCL.M12) * (CP * V(NCL.oJM.2) S UT(IJM) -

219. CM * V(NCL91JM*L) * UT(IJM) + M2 * S2)

220. 200 CCNTINUE

221. 210 CONTINUE

222. CALL. PRNT(4)

223. 220 CONTINUE

224. RETURN

225. 300 CONTINUE
22b. C..,....CALCULATE FIELD INSIDE MEDIUM AT POSITION IX

'27. READ (5.1000) NOBPTS

228. 00 390 KK = 1. N08PTS

229. READ (591000) IX

230. IF (IX - NTGP + 1) 3309 310. 330

231. 310 CONTINUE
232. JMAX = 1 + (ITM - I - (IX / 2) ) / IFRO

233. 00 320 1 1 JMAX

234. U(J) a V(NLPIFRQ * (J - 1) + Li I)
235. =20 CONTINUE

:3o. GO TO 380

237. Z30 CONTINUE

233. NLP = NL + I

22-1. 00 340 1 = 2. NLP

240. IF (LX.LE.X(t)) 40 TO 350
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41.340 CONTINUE
242. dRITE (6.2000) Ix
243. RETURN
?44. 250 CONTINUE
?45. NCL - I - 1
246. NOL aNCL + 1
247. NPI a NPTL(NCLJ

?41. NP2 -NPI + t
?49. NMI a NPI - 1

250. CM -C(NPL) - 1
?51. CP - C(NPL) 41.

'52. NIT - (NPI 11I / 2
253. m a (IX - X(NCLJ) / 2

2S4. 42u8 a @2
155. M12 - 92 1
256. JC - NIT M 8
'57. U(1) a 0.
155. ZASAX a I + (ITM - (IX /2) 1 IFRO
259. 00 370 1 - 2. IMAX
?60. IJ - IFRO 0 (1 - 1) + 1

"61e XJM - i. - NMI + M42

?62. Si a(V(NCLoIJ.I) * P(MCL*19042 + lot) *UT(IJ) +
?63. 1 V(NCLoI.JK*I) * P(NCL.I.NP1.NPt - K42) 0 UTtIJAS)) /2.
?64. aZ -CV(NCL*IJM*2) * P(NCLZ.842 + 1.1) * UT(IJM) +
!65. 1 V(NCLIJ*2) S P(0CL*2*NPI.NPl - 842) * UT(IJ1J / 2.
66. JM - 2. * JC
67. IF (IJMoLEo0) JM - 1I1 - I
?68. 00 360 J - 29 JAS
?69. m2J - 842 + J
!70. SI a Sl + V(NCL.ZJ + I - J.q7.) * P(NCL.I.842J..h)
?71. 52 = S2 + V(NCL9IJ + I - Jo2) * P(NCL92.NP2 - J.NP2 - 842JJ
!72. 360 CONTINUE
73. 8412 M 82 + 1
774. UII) aEAM8D(NCLoM412) * (CP * VINCLoIJol) * UT(Ij)
?75. 1 CM * V(NCL.Ij*2) * UT(IJ) + H2 0 SI)
276. U(I) aU(Il + EAPb(NCL.8412) * (CP * V(NCL.IJM*2) S UT(IJM)-
?77. CM * V(t4CL*lJ#M.I) 0 UT(ZJM1 + H2 * S2)
!78. 370 CONTINUE
?79. 380 CONTINUE
?80. IT - IX
?91. CALL PANT(S)
182. 390 CONTINUE
!83. RETURN
?940 1000 FORMAT (I5)
'55. 2000 FORMAT 4///9IX*9HHEY. IX -915914?t IS TOO LARGE)
186. END



VIII. SETTING UP SOME PROGRAMS

Consider a three-layer medium of depth 3 cm, with each layer beinq I cm

deep. Assume that the permittivity and conductivity are constant on each

layer and are given by the values shown in Figure B-3.

N is chosen to be 128. This is not for purposes of accuracy (N=64 yields

identical results) but rather for obtaining more grid points, resulting in

smoother plots.

Turning to the computation of the X(i)'s, note first that

t=(0.o1)(V-0 + v35 + 60)c

where c is the speed of light in free space. Then X(1)=O and

x14v30(V3-O=-3-5 + i6_)=X(2)/128.

Thus, X(2)=28.22 -.- and so, upon rounding

X(2)=28.

This is equivalent to using

(z)=29.4 0 rather then e (z)=30c .

Now

x+ r )I(/-T + + 1 )

=X(3)/128

and so

X(3)=88
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Figure R-3. Permittivity and conductivity profiles for a three-layer medium.
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and

X(4)=128.

Since

X (4) -X(3 )>32

X(3)-X(2)>32

two additional layers need to be inserted into the mediumi. (Note that i f
N=64, no additional layers are needed.) Hence, set

X(1)=O

X(2)=28

X(3)=60

X(4)=88

X (5) =108

Now X(6)128.

C(1)=V129.4

C (2 ) 3V 5/ 29 .4

C(3)=1.O

C5) =1.0

C(6)=/-lT-.

The only nonzero functions to be entered into subroutine EVAL are

B1(x)=-(1.O)x/(29.4e 0)

B2(x)=B3(x)=-(0.1)1/(135e 0)

B4(x)=B5(x)=-(0.5)X/(6Oc 0)
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A 1000-MHz sinusoidal incident field of duration 20 ns is used. Thus,

E1 (-t)=sin(wt).H e(20.10 -9t)

where w=2w-109  and He is the Heaviside function. Since T=t/t, it follows

that the incident field to be used in INCWAV is

1INC(T)-sin(-WtT).

Now the T step size is

AT=2H=1/64

so it follows that the t step size is

At=1/64=.01291 ns.

The period of the incident signal is I ns which corresponds to approximately

77.5 At. In light of this the incident signal was modified so that its period

was an even multiple of At. (This modification is not at all necessary and

was performed solely to make numbers turn out "nice.") The period of Ei was

lengthened to 78 At which corresponds to a 993-MHz signal. Then UINC can be

written

UINC(T)=sin(-W-r/(78.H)).

(See Section IX for a source listinq of INCWAV for this particular field.)

The duration of this new incident field was lengthened to 20.13951 ns so

that 20 cycles would still be considered. Thus, ITM should be at least 1560

so that signal cutoff is observed. It was decided to print out the entire

interior field every half period, so IFRO was set equal to 39 and ITM was cho-

sen to be 1950. Setting ISCAT=1 and IOPTwO, the scattered and internal fields

were put onto disk storage. These fields were then graphed using the routine

given in Section X.
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The above results indicate that steady state was essentially attained

after six periods of the incident field; i.e., after 468 AT intervals. It was

then decided to search for the maximum intensity occurring at each grid point

during the passing of the transient field (first 6 cycles) and during steady

state. iius, HATS was run a second time, with IFRO=1, ITM=468, ISCAT=O, and

IOPT=O and with the modified subroutine PRNT given in Section XI. To deter-

mine the maximum steady state intensities, HATS was run with IFRO=7RO and

ITM=858. Upon the first call to PRNT usinq PRNT(4), the value of IFRn was

changed to 1 so that the entire period was examined in as much detail as pos-

sible. Results from these runs were plotted on the same set of axes.

From these plots it was observed that two points in the medium (one in

the first layer, one in the third) had a considerably stronger transient field

than steady field. Thus, a fourth run of HATS was made lookinq at the

detailed time behavior at these points as well as at a point in the second

layer which seemed to have almost no difference in transient vs. steady state

intensity. Thus, three more plots were generated with the parameters used in

HATS being IFRQ=3; ITM=1950; ISCAT=O; IOPT=l; NOBPTS=3; and IX=20, 32, 92.

For the sake of interest this entire procedure was pursued a second time

for a nonconducting medium. This was achieved by setting B1(x)=B2(z)=...

=95(x)=O.

Finally, so that the internal reflections in the medium in the non-

conducting case could be observed, a triangular incident spike field was used:

(JI(1)=O

UI(2)=0.5

UI(3)=I.O

UI(4)=0.5

UI(5)=UI(6)= ... =O.

Plots of all output appear in Section XII.
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IX. SOURCE LISTING OF INCWAV FOR FIELD OF FINITE DURATION

1. 3UORCUTINE INCUAV

2. Coeeooo*INSERT F f%CTLON STATEMENT FOR INCIDENT FIELD

3. JINC(A) z SIN( - PI * X / (78. * H)

4. Coooo000-0

5. CCMMCjN /BLJCKL/HNL,TGPoNPTL(5),IFR*,ITMolToLSCAT°|OPT

6. CO4MN /8LUCKS/BUFF(2201).UI(2001).J(2001)°dk(ZOOI)

7. P1 = 3.1415927

8. H2 = H * 2.

9 ITMI a IT'
1 

+ I

10. DO 10 J a 1. IT14I

II. I(J) - 0.

12. 10 CUNTINUE

13. D 20 J 2. 39

14. X - (J- 1) * H2

159 UI(J) = UINC(X)

16. UI(39 + J) "- UI(J)

17. 20 CONTINUE

a. D C 40 J = 2. 20

19. JC - - 1) * 76

20. 00 30 1 = 2. ?8

21. UI(JC + 1) - UI(I)

22. 30 CONTINUE

23o 40 CONTMIN(;

24. RETURN

25. CEND

X. SOURCE LISTING OF A PLOTTING ROUTINE

1. DIMEtSICN X(193).AI(2100| A2(e5).A3(2200).U(1
9 3

)

2. DIMENSION XO(Z I )ol(2).X2(2).X3(2). x(Z) ,Uo(2ij.LICZJ,.J2(2J,

3. 1 u3(2)v.w4(2)

4. READ (8.2000) N, NL. IFRQ. ITM

5° N N / 2

6. H2.to / N

7. NP| aIh + I

s. N2 - N * 2

9. N21 - N2 + 1

10. MN a N * 3 + I

11. 00 10 1 s 1. MN

12- X(I) - -1. +(I - 1) H 12

13. 10 CONTINUE

14. 00 20 1 a 19 N

15o AlCI) - 0.

16. 20 CONTINUE

17. D 30 1 - 1 N2

18. AII) a O.

19. 30 CONT I NUEl

g0. ITNI a ITOQ + 1

-I. +ITAN2

22e READ (81500) (A3(IJ. I NM21. L)

23o L. a ITN! + N

24. READ (8.15001 (AI(I). I N Ni9 Lo

25* C*..o....ESTAAL-|SM ARRAYS 
T0 OE USED IN GRAPHNIG C&JUNDARIES OF

26. Coo..o......*.LAYRlS AND N'ONl1ZONiTAl. AMES



27. Xo(1) 1 0.

28. XO(2) - XO(1)

29. X (L) - .21875
30. xl(2) - Xl(1)

31. X2C1) = .6875
32. X2(2) = X2fl)
33. X3(1) = 1.0
34. X3(2) - X3(1)

35. X4(1) = -1.
36. x4(2) = 2.
37. UO(l) = -1.2
38. UO(2) 1.2
39. UIII) = -. 75

40. UI(2) = .75

41. U4CL) = 0.
42. U4(2) = 0.
43. DO 100 IT = IFR0. ITM, IFRO
44. READ (896000) K
45. READ (8.1500) (*2(1). 1 a 1* NPI)
46. 00 40 I = 1. NPI
47. u(I) = AI(XT + I)
48. U(N2 + 1) - A3(NPI + IT- I + 1)

49. 40 CONTINUE
50. DO 50 1 = 1. NPt
51o U(N + 1) A2(I)

52. 50 CONTINUE

53. C.........THE ARRAY U NOk CONTAINS THE REFLECTED, INTERNAL ANO
54. C .............. TRANSMITTED FIELDS AT TIME TAV = IT * 2 * H

55. C........PLOT ARRAY U
56. CAi-L GRAPH (MN. X. U. 0. 2, 6.01s *o(l*-50,-1.,.b0.-1.2,
57. 1 'NORMALIZED DEPTH;*. NORMALIZED INTENSITY's
58. 2 ,;',

59. Co.oo...o..PLT VERTICAL LINES SHOWING POSITION OF LAYERS
60. CALL GRAPHS (2. XO. U0 09 4. *;')
61. CALL SA, HS (L* XLs UI, 0. 4. .;')
62. CAL. GRAPHS (2. x2l Ul. O 4. 1;')
63. CALL ,RAZHS (2. X39 JO, 0. 4. 1;')

64. C. ............ 'LOT HCRIZCNTAL AXIS AT ZERC INTENSITY

65. CA"" GRAPHS (2. X4. J4. 0. 4. ';')

66. 100 CONTINUE

67. STOP

65. 1500 FORMAT (8EL10.3)
69. 2000 FORMAT (415)

70. 6000 FORMAT (110)

71. END
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XI. SEARCHING FOR MAXIMM INTENSITY

The following source listing is a modification of subroutine PRNT used to search
the program output for maximum intensity.

1. SUSRCUTINE PRNT(K)
2. INTEGER X

3. COM4MON /aLOCK(1/M,N'-,NTGP,NPTL(5).1FR0.jTM.JT.ISCAT.1OPT
:4. COMMON /BLOCK2/A(333.8(33),AP(33).SP(33)DT(33)AHC33)BH(22j.
5. 1 A-M3'H-3j.3Pt(33).OrN(33),AIC33j.81(33j.DTI(33),

6. 2 3)*(33) .ESI(33).AR(5).AL(5) .8RC5).SL(51
7. CCM4MON /SLCCK3/X(6,C(6)DPI(33)DPB(33)EA4B(5.33).EAP(533).
8. I UDOC 33) * NEW (33) ,XP( 5.129) .XM( 5,129) *YP( 5.129).

9.2 Ym( 5i12g)P*XPC( 5) *XMC( S) YPC 5) .YMC( 5) AP I ( 5).
10. 3 A481( 5) *P(5*2933933)
1.1. COMMON /SLQCK4/JV(5.16).JWc5.16).SV(5.16),SW(5.16j .V(5.20019Z).
12. 1 W( 5*I2992)9VS(I29v2JvWS(129*2)
13. CCMMON /BLOCK5/8UFF(22o1).uI(2001).U(200I).UR(2001J
14. DIMENSION EMAX(129)vrTIME( 129)
15. IF (K - 2) It 2, 50
16. 1 CONTINUE
17. C..........PINT OUT INPUT DATA FROM LINES to 2. 3
Is. N = NTGP -1
19. WRITE 1642000) No NLv IFQ0. JTM* ISCAT. IOPT* (X(u). 1 z1. NL)
20. WRITE (693000) (C(1)91 =1I NL)
21. C WRITE (8.2000) N. NL, IFRO. LYm
22. RETURN
23. 2 CONTINUE
24. RETURN
25. 50 CONTINUE
26. IF (K - 4) 3. 4. 60
27. 3 CONTINUE
28. C...*...PRINT INCIDENT. REFLECTED AND TRANSMITTED FIELDS IF !LSCAT
29o IF (ISCAT *EQ9 0) RETURN
30. ITMI = IT14 + 1
31o WRITE (6.50001
32. WRITE (641000) (UI(I).I = I. ITMI)
23. WRITE (6.5100)
34. WRITE (6.1000) (UR(I).1 = It ITMi)
25. WRITE (6@5200)
36. WRITE (6.1000) (V(NL.I.1)*I - 1. ITMI)
37o C WRITE (8.1500) (V(NL.I.1)%I - 19 IT4MZ)
38. C WRITE (891500) (UR(I).I -It ITMI)
29. RETURN
400 4 CONTINUE
410 C....oo....SEARCH FOR MAXIMUM INTENSITY Ar EACH GRID POINT AND RECCRD
42. C,*.*o.at*...*TIE TIME AT WHICH IT OCCURS

43. IF (IToGT.IFRQ) GO TO 110
44. D0 100 1 = It NTGP. 2
45o EMAX(I) -0.
46. 100 CONTINUE

47. 110 CONTIRUE
48. DO 120 1 =1, NTGP9 2
49. ABSV aASS~ UCI) )
50. IF (ABSV.L .MAX(I)) GO TO 120

S1. EMAXtZ) So A8SV
62. ITIMECI) - IT
53. 120 CONTINUE
5.4. IF (IT.LT*ITM) RETURN
SS. WRITE (6.1500) (EMAX(I)91 1.I NTGO* 2)
56. WRITE (6.5000)

37. WRITE (6.9000) (ITIMFCI),I = 1, NTGP. 2)
5A. C WRITE (8.1500) (EMAX(I)9I =1I NTGP. 2)

E-. C WRITE (8.9000) (ITIM4EC 1)o = Is NTGP. 2)
E.0. RETURN
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61o 60 CONTINUE

62- IF (K - 6) 5, , 6

63. 5 CONTINUE

64. C....o.....PRINT FIEL.D AT POSITION X = IT H t FOR TIMES

65. C..........*.TAJ = IT * H. (IT + IFRO * 2) ,.o

66. IMAX = 1 + (ITM - (IT / 2) ) / IFRO
67. WRITE (68000) IT
68. WRITE (6.1000) (U(I).1 1. IMAX)

69. C WRITE (8,6000) IT

70. C WRITE (891500) (U(I).l a I. IMAX)

71. RETURN

72. 6 CONTINUE

73* WRITE (6,4000)

74. RETURN

75. 1000 FORMAT (IX*SEIO.3)

76. 1500 FORMAT (8E10.3)

77. 2C00 FORMAT (615e/9615)

78. 3000 FOPMAT (6E12.5)

79. 4000 FORMAT (///.lX.8HFINImE-Dj

80. 5C00 FORMAT (///IXw|4HINCIDENT FIELD*/)

81. 5100 FORMAT (///,IX15HREFLECTED FIELD,/)

82. 5200 FORMAT (///qjX,1YHTRANSMITTED FIELD,/)

e3. 6000 FORMAT (110)

84. 7000 FORMAT (///tIX.29HINTERNAL FIELD AT TIME TAU = .110.88 * s * 8./)

85. 8000 FORMAT (///,IXv21HFIELD AT OOSITION X -110.4H H t./)

86. 9000 FORMAT (8110)

87. END
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XII. PLOTS FROM SAMPLE PROGRAMS

Internal, reflected, and transmitted fields for mediums with nonzero and zero

conductivity. Incident field is 1000-MHz pulse of duration 20 ns, impinging

on the medium from the left at time t=O.

Nonzero conductivity Zero conductivity

t=6 ns Figure A-4 Figure A-10

t=21 ns " A-5 " A-1l

Comparison of transient and steady state intensities in mediums with nonzero

and zero conductivity. Incident field is 1000-MHz pulse.

Nonzero conductivity Zero conductivity

Figure A-6 Figure A-12

Internal fields, nonzero and zero conductivity.
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Reflected and internal fields, zero conductivity, spike incident field.
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Figure B-4. Internal, reflected, and transmitted fields for a medium with
nonzero conductivity, time t=6 ns. Incident field is 1000-MHz
pulse of 20-ns duration, impinging on the medium from the left at
time t=0.
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Figure B-5. Internal, reflected, and transmitted fields for a medium with
nonzero conductivity, time t=21 ns. Incident field is 1000-MHz
pulse of 20-ns duration, impinqing on the medium from the left at
time t=0.
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Figure 8-6. Comparison of transient and steady state intensities in a medium
with nonzero conductivity. Incident field is 1000-MHz pulse.
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Figure B-10. Internal, reflected, and transmitted fields for a medium with
zero conductivity, time t=6 ns. Incident field is 1000-t4Hz
pulse of 20-ns duration, impinging on the medium from the left
at time t=O.
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Fiqure B-12. Comparison of transient and steady state intensities in a medium
with zero conductivity. incident field is 1000-MHz pulse.
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Fiqure B-16. Reflected and internal fields (t=.l8l ns), zero conductivity,
spike incident field.
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Fiqure B-17. Reflected and internal fields (t=.361 ns), zero conductivity,
spike incident field.
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Figure B-18. Reflected and internal fields (t=.542 ns), zero conductivity,
spike incident field.
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Figure 8-19. Reflected and internal fields (t=.723 ns), zero conductivity,
spike incident field.
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